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FLOW VISUALIZATION TECHNIQUES FOR FLIGHT RESEARCH

David F. Fisher and Robert R. Meyer, Jr.
NASA Amcs Rescarch Center
Dryden Flight Rescarch Facility
P.O. Box 273
Edwards, California 93523-5000
U.S.A.

SUMMARY

In-flight flow visualization techniques used at the Dryden Flight Research Facility of NASA Ames Re-
search Center (Ames-Dryden) and its predecessor organizations are described. Results from flight tests
which visualized surface flows using flow cones, tufts, oil flows, liquid crystals, sublimating chemicals, and
emitted fluids have been obtained. Off-surface flow visualization of vortical flow has been obtained from
natural condensation and two methods using smoke generator systems. Recent results from flight tests at
NASA Langley Research Center using a propylene glycol smoker and an infrared imager are also included.
Results from photo-chase aircraft, onboard and postflight photography are presented.

NOMENCLATURE
Cp pressure coefficient TE trailing edge
9 load factor normal to longitudinal axis |4 velocity
of aircraft VSFTE variable sweep flight transition
HARV  high alpha research vehicle experiment
hy pressure altitude, km (ft) z/c ratio of chordwise distance from leading
IR infrared edge to local chord length
LE leading edge a alpha, angle of attack, deg

LEX leading edge extension 6 boundary layer thickness, cm (in.)

Mach number n ratio of spanwise distance from aircraft

M

NLF natural laminar flow centerline to wing semispan
R

R,

reattachment location A wing leading cdge sweep angle, deg
Reynolds number based on wing Subscripts
reference chord
S primary vortex separation location i indicated
Sz secondary vortex separation location maezr  maximum
TACT  transonic aircraft technology 00 freestream

1. INTRODUCTION

The visualization of airflow on and about modcls in wind tunnels has been used for many years to
complement other sources of acrodynamic data to help interpret test results. Methods of flow visualization
commonly used in wind tunnels include schlicren photography (ref. 1), oil flows (ref. 2), minitufts (ref. 3),
vapor screen (refs. 4 and 5), and smoke (ref. 6). From this array of methods, one can choose specific tech-
niques from which shocks can be visualized, flow direction and regions of separated flows can be determined,
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boundary layer transition location defined, and vortices identified. Recently, low-speed water tunnels have
also been used extensively to visualize simulated airflows (refs. 7 and 8). These techniques and others are
well covered in reference 9.

Similarly, a wide variety of in-flight flow visualization techniques for acrodynamic cxpcriments ranging
from visualization of boundary layer characteristics to vortical flows have been used at the Dryden Flight
Research Facility of NASA Ames Research Center (Ames-Dryden) and its predecessor organizations to help
interpret and understand the results of flight tests. These visualization techniques usually give a more global
picture of airflow and sometimes arc the only way the data can be obtained in flight. Many of the techniques
are associated with on-surface flow visualization, including flow cones and tufts, oil flows, a liquid crystal
technique, sublimating chemicals, and an emitted fluid technique. Other techniques involve off-surface flow
visualization, including two types of smoke generator systems and natural condensation.

The authors discuss the previously mentioned techniques and two other methods used at the NASA
Langley Research Center. The reader will be directed to supporting reference material for these in-flight
techniques. Verification of the results interpreted from the flow visualization techniques will be made by
comparison to other in-flight or ground facility measurements as appropriate.

2. FLOW VISUALIZATION TECHNIQUES

’

The flow visualization techniques described in the following sections generally require a significant
amount of care and fine tuning to get the best results. Ground tests, exploratory flights, or both are usually
required to determine the proper viscosity of oil, thickness to apply the liquid crystals, flow rates of emitted
fluid, surface color, or proper chemical for sublimation. Flights need to be allocated for development of
technique and refinement in the flight planning to ensure favorable results. In addition, careful examination,
supporting data, and experience arc necded to interpret the results properly.

2.1 Boundary Layer Transition and Shock Visualization Techniques

The techniques that follow are generally used to detect boundary layer transition from laminar to turbu-
lent flow; however, some of the techniques have wider uses. Most of these techniques are dependent upon
surface differential temperatures caused by the difference in the laminar and turbulent flow wall recovery
factors. Heat sinks such as wing ribs and spars or internal fuel tanks can cause localized cool spots and make
these techniques nearly unusable. Smooth insulated fiberglass gloves are generally used for best results,

2.1.1 Oil Flows

Oil flows (refs. 10-13) are obtained by applying an oil mixed with a coloring agent to the surface of
an aircraft to study surface flow characteristics. A wide variety of fluid mechanics information can be
interpreted from oil flow patterns including location and relative strength of normal shocks, location of
boundary layer transition, and identification of areas of separation. These surface flow conditions cause the
oil coating to thin, thicken, or puddle, resulting in distinct contrast changes in the oil-coated surface. Various
oil viscosities and coloring agents can be blended to provide results at particular flight conditions, such as
speed or altitude, or to provide adequate contrast on different colored surfaces.

Results from the oil flow study on the F-111 tactical aircraft technology airplane (TACT)(ref. 12) are
presented in figure 1. The study was conducted on a partial span laminar flow glove installed on the left
wing panel that was instrumented with a chordwise row of surface static pressure orifices and a boundary
layer rake as shown in figure 1(a). For this study, SAE 80-W-90 oil was mixed with powdered black graphite
in the proportions of four parts of oil to one part of graphite, by volume. The mixture was applied to the
surface with a paint brush approximately 30 min prior to takcoff. Documentation was obtained from chase
aircraft photographs.

A dark curved line across the test surface just aft of the midchord can be observed in figure 1(a). This
line was attributed to a normal shock wave on the test surface, which causes the oil to build up or puddle,
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at the location of the shock. This is verified by the corresponding pressure distribution in figure 1(b). The
pressure distribution shows a rapid increase in pressure (more positive Cp) at the same location (z/c = 0.65),
which also indicates the presence of a shock wave. Meyer and Jennett (ref. 12) showed that the darkness of
the line in the oil, indicating a shock, could be correlated directly to relative shock strength as determined
from simultaneously obtained pressure distribution data.

A more subtle observation that can be made from oil flows is the location of boundary layer transition
from laminar to turbulent flow. An example of this is presented in figure 2 from reference 12. In figure 2(a),
note the distinction between a light area forward of the 20-percent chord, where there appears to be little
or no oil, and a uniform slightly darkened area aft of the 20-percent chord. The light area is considered to
be the region of laminar flow, and the darkened area is considered to be turbulent flow. This interpretation
is supported by the corresponding pressure distribution of figure 2(b), as well as the boundary layer data
of figure 2(c), from reference 12. In figure 2(b), a favorable pressure gradient exists from the leading edge
(z/c = 0) to approximately the 20-percent chord (z/c = 0.20), where the pressure gradient becomes unfa-
vorable and the boundary layer should transition to a turbulent condition. The variation of upper surface
boundary layer thickness, obtained from the boundary layer rakes as a function of angle of attack, is shown
in figure 2(c) and described in refcrence 12. The lines on the figure indicate faired calibration results ob-
tained using “trip strips,” and the circular symbol indicates the boundary layer thickness when the oil flow
pattern of figure 2(a) was photographed. By referring to the location of the circular symbol with respect
to the different calibration lines, the point of transition can be determined, independently of the oil flow, at
approximately 23-percent chord (z/c=0.23 ), confirming the interpretation of the photograph of figure 2(a).

A summary of results using oil flows on seven different aircraft from low speed to supersonic speeds is
given in reference 13. Reference 13 also provides details on appropriate oil viscosities and coloring agents
for particular applications. With proper flight planning, especially for boundary layer transition location
determination, multiple test conditions can be obtained on one flight. Test points with the expected transition
location near the leading edge need to be flown before tests points with the transition location far aft. It was
also found that this technique was limited to approximately 7600 m (25,000 ft) because the oil becomes 100
viscous to be of use at the colder temperatures of greater altitudes. Documentation of the oil flow patterns is
normally obtained from chase aircraft photographs, although photographs have been obtained in real time
from on-board cameras.

2.1.2 Liquid Crystals

Liquid crystals similar to thosc commonly used in desktop thermometers have been used recently in
flight (refs. 14-16) primarily for boundary layer transition visualization. Liquid crystals exposed to fluid
flow on the aircraft test surface change color with shear forces or temperatures associated with various fluid
mechanic phenomena, such as laminar to turbulent transition or normal shocks.

The liquid crystals are applied to the aircraft by first thinning the liquid crystal solution with solvent and
then spraying a very thin coat on the test surface prior to takeoff. The test surface must be a dark color to
provide suitable contrast. Holmes and others (ref. 14) reported that a flat black surface provided the best
results, although other dark surfaces often provide adequate results. In order to obtain optimum color change
with the liquid crystal technique, lighting and viewing angle are critical. Optimum results were obtained
with the sun positioned behind the viewer (photo aircraft) and the viewer as close to perpendicular to the
test surface as possible.

Results (ref. 16) are presented from the F-14 variable sweep flight transition experiment (VSFTE) pro-
gram. For those tests, a pressure sensitive liquid crystal (so named by the manufacturer) was applied to
laminar flow wing gloves on an F-14 aircraft. The liquid crystals were applied to the surface approximately
1 hr prior to takeoff. Documentation was obtained by photographs and video from a photo chase aircraft.

Examples of liquid crystal pattems on the F-14 airplane’s left wing glove are shown in figure 3. Transi-
tion is indicated by an abrupt change in color of the liquid crystal pattern due to the discontinuous change
in temperature and shear at boundary layer transition. The colors themselves are not important, since they
change with viewing angle as well as ambient temperature (altitude).
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Figure 3(a) represents a case where transition occurred forward on the test section, probably due to cross-
flow disturbance generated by leading edge sweep and is indicated by the sawtooth pattern at approximately
5- to 10-percent chord. Figure 3(b) represents a case where transition occurred about midchord, due to
the laminar boundary layer encountering an adverse pressure gradient and is indicated by a uniform line
at about 30-percent chord. One other observation in figure 3(b) is the presence of a “transition wedge”
near the outboard edge of the test section, probably due to an insect impact or dust stuck in the oily liquid
crystal mixture.

Liquid crystal and hot-film transition data obtained at the same time intervals are compared in figure 4
from reference 16. The figure shows that transition location indicated by the liquid crystal flow patterns and
hot film agreed to within less than 5-percent chord.

A concem using liquid crystals was the effect, if any, the liquid crystal solution on the test surface might
have on the laminar to turbulent boundary layer transition, or in other words, the possibility that the liquid
crystal solution would affect or bias the fluid mechanic process. Transition data obtained from the hot films
with and without the liquid crystal solution on the test surface are compared in figure 5. Transition is plotted
as a function of angle of attack at two representative altitudes. At the lower altitude (higher unit Reynolds
number), a variation in transition location of up to 30-percent chord is evident. At the higher altitude (lower
unit Reynolds number), there is much less difference, only about 5 percent of chord.

2.1.3 Infrared Imaging

Infrared (IR) imaging is a relatively new flow visualization technique, recently used for nonintrusive
visualizing of laminar to turbulent boundary layer transition (refs. 17 and 18). Flight tests with an IR im-
ager were recently conducted at NASA Langley Research Center on a T-34C aircraft modified with an
NLF(1)-215F airfoil partial span glove (ref. 18). The sensitivity of the IR imager used in these tests is
shown in figure 6. As the temperature of the target surface is increased, the imager becomes more sensitive,
so that at 30°C (86°F), the imager can detect differential temperatures of 0.1°C (0.18°F).

The IR camera and display unit were mounted in the T-34C aircraft (fig. 7) with the wing glove in the field
of view. The flight tests were conducted with the canopy open so that no loss of image sensitivity occurred
from the infrared absorption by the Plexiglas window. During the research flights, an experimentcr in the
aft cockpit adjusted the imager so that temperature differences on the glove could be observed.

An example of typical results obtained from the IR imager on the black surface during daylight is shown
in figure 8. The IR photograph shows that the laminar region (light color) is warmer than the turbulent
region. This result is due to the increased convection coefficient of the turbulent boundary layer. The free-
stream air temperature is lower than the natural laminar flow (NLF) glove surface due to solar heating, and
the turbulent flow region is cooled at a faster rate than the laminar region.

On night flights, the surface temperatures of the NLF glove were much lower because there was no solar
radiation effect. Due to the lower temperatures, the sensitivity of the imager was reduced as mentioned
previously. As a result, the steady-state level flight test techniques used at night were unsuccessful at low
speed. Transition data could be obtained by cold soaking the glove at high altitude, then descending into
warmer air so that convection tended to heat the wing as the aircraft descended. Using this technique, the
color patterns on the IR images are reversed from that seen during day flights. In figure 9, the laminar areas
are dark and the turbulent areas are light.

214 Sublimating Chemicals

The sublimating chemical technique (refs. 19-21) is used primarily for laminar to turbulent boundary
layer transition. The greater heat transfer in the turbulent boundary layer results in higher surface tempera-
tures than in the laminar boundary layer. This elevated temperature and shear associated with turbulence of
the boundary layer at the location of transition cause a suitable chemical to increase its rate of sublimation
in the turbulent region with respect to that of the laminar region. Consequently, the chemical is removed in
the turbulent area before the chemical in the laminar area is appreciably affected.
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The chemicals are applied to an aircraft surface by dissolving them in a solvent and then spraying to an
appropriate thickness. The solvent evaporates, leaving a crystal structure that can be smoothed if necessary
prior to takeoff. The chemicals are white and provide the best contrast on dark surfaces, although dyes, such
as food coloring, can be added to the chemicals to provide contrast on light surfaces. Reference 20 contains
an excellent summary of various chemicals and application techniques at high speeds and reference 21
summarizes the technique for low specds. Both sources contain tables and figures that can be used as an aid
in choosing particular chemicals for specific applications.

The test aircraft is normally established at the desired test conditions as quickly as possible and then
maintains those conditions until the chemicals in the turbulent region have sublimated, showing the desired
flow patterns. Normally, the test is documented with photographs taken on the ground, postflight, although
photographs can be taken in real time from a chase aircraft or on-board cameras. Unlike the previously
described methods, only one flow condition or test point can be obtained per flight.

An example of this technique conducted at speeds near Mach 1.8 on the left wing of an F-104 (ref. 20),
using phenanthrene, is shown in figure 10. The aluminum wing was painted black for best contrast with
the white chemicals. The transition location was observable as shown in the figure. Note that some of the
sublimable chemical along the wing-fuselage juncture and in the rear portion of the wing did not sublimate.
This is caused by large structural members that act as heat sinks, thus preventing the wing skin from attaining
temperatures high enough to cause a high rate of sublimation.

Another example, this time from the right-hand wing of the F-104 at Mach 2 (ref. 20), is given in
figure 11. The right wingtip pancl of the F-104 was covered with a thin fiberglass glove, and fluorene was
used as the sublimating agent. The test conditions required up to 4 min for the indication of boundary
layer transition to be complete. Resistive thermometers can be seen in the photograph (fig. 11) of the wing
imbedded beneath the fiberglass and gave good correlation with the sublimation technique.

2.2 Flow Direction and Boundary Layer Separation Visualization Techniques

2.2.1 Flow Cones and Tufts

Tufts, usually made of nylon or wool, have been successfully used in many studies (ref. 22) and are
considered a standard method for in-flight flow visualization of surface flow direction and indicators of
separation. Flow cones (refs. 23 and 24) were developed to overcome some disadvantages of tufts, such as
instability or whipping of tufts (not always related to any feature of the flow) and difficulties in photographing
tufts at distances between the photo aircraft and test or research aircraft.

Flow cones are rigid, narrow, hollow conical shapes, attached to an aircraft surface with a short string
or chain at the apex of the cone. Like tufts, they are lightweight and align themselves with the local surface
flow if the local dynamic pressure is sufficient. A typical tft and flow cone are compared in figure 12. The
flow cones are available in a varicty of materials and colors. Photographs are usually taken from a chase
aircraft to document the flow cone pattemns in flight, however, in some cases, photographs are taken from
cameras onboard the test or research aircraft. The flow cones are usually more visible than the tufts since
they are larger in diameter and can be covered with reflective material. Though lightweight, their weight
(0.7-0.9 gram) can be a disadvantage particularly on the lower surface of wings at low dynamic pressure.
In addition, they would not be acceptable in front of engine inlets, whereas, wool tufs probably would
be acceptable.

Flow cones and nylon tufts were used recently on the upper surface of left wing and canard of the X-29A
aircraft. In figure 13, a comparison of the contrast of a tuft and a flow cone on the X-29A airplane can be seen.
These particular photographs represent a slow flight condition for the X-29A aircraft. It was particularly
difficult for the photo chase aircraft to photograph at close distance to the test aircraft. Representative tuft
and flow cones are identified in the figure. As can be seen in figure 13, the flow cones provided significantly
improved contrast and resolution as compared to the tufts.

As a verification of the ability of tufts or flow cones to indicate areas of separated flow, figure 14 shows
wing and canard surface static pressure distributions corresponding to the conditions shown in figure 13.
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Separated flow in the pressure distributions is indicatcd by failure of the upper and lower surface pressures
to return to a common level at the trailing edge. These trends are evident in the wing upper surface pressure
distribution (fig. 14(a)), near midspan (1 = 0.49) on the trailing edge over approximately the aft 10 percent of
the wing chord. This interpretation of the wing pressure distributions is consistent with flow cone pattems
of figure 13, where the flow cones on the trailing edge are pointed inboard approximately parallel to the
trailing edge of the wing. In figure 13, neither the flow cones on the canard nor the pressure distributions of
figure 14(b) indicate any flow separation.

2.2.2 Enmitted Fluid Technique

Fluids for flow visualization of surface streamlines and areas of separated flow have been used success-
fully at Douglas Aircraft (refs. 25 and 26), and at Ames-Dryden (ref. 27). This method consists of emitting
a small quantity of propylene glycol monomethyl ether (PGME) containing toluene-based dye out of small-
diameter surface tubes or orifices on the aircraft skin while the aircraft is stabilized. The flight conditions
are held constant for 1-2 min while the fluid evaporates and the dye sets or dries. The dye patterns of the
surface streamlines and separated flow regions are documented by photographing the surfaces on the ground
after each flight.

An example of surface flow visualization technique on the F-18 forebody for an angle of attack of 30°
is shown in the postflight photographs of figure 15. An interpretative cross-scctional flow model (ref. 28)
showing the structure of the flow about the forcbody for symmetrical flow is illustrated in figure 16. Two
primary and two secondary vortices arc formed on the leeward side with the separation and reattachment
lines noted. As can be seen in figure 15, the remaining dye from this technique clearly showed the surface
flow streamlines. Where the streamlines merged, the flow lifted from the surface and rolled up into stream-
wise vortex cores. Along the streamlines where the flows merge, the separation lines for the vortices were
defined. Both the primary and secondary separation lines can be seen. A reattachment line on top of the
forebody where the streamlines diverge is also noted.

For both the Douglas and Ames-Dryden tests, a red dye was used with a white painted surface for good
contrast. One data point was obtained per flight in this manner. This method is particularly useful when a
photo-chase airplane is not available or not practical.

A similar method of using colored ethylene glycol and water on a large commercial transport has been
reported (ref. 24). The liquid was emitted from small-diameter tubes distributed upstream of the surface
under study. The fluid dispensing cycle took approximately 10 min. The principal data acquisition is air-
to-air photography; however, ground inspection of the pattern was also useful to observe and document
small details.

2.3 Vortical Flow Visualization Techniques
2.3.1 Natural Condensation Flow Visualization

Flow visualization of vortical flow, expansion, and shock waves, as well as attached and separated flows,
can sometimes be observed in flight during periods of high humidity. When the humid air expands around
an airplane, it can condense, become visible, and illustrate certain flow patterns such as wing pressure fields,
wingtip vortices, and shock waves. A thorough review of this subject with clear examples of the phenomena
is given in reference 29. No electromechanical or pyrotechnic devices are needed except the photographic
or video recorders.

An example of natural condensation flow visualization on NASA’s TACT F-111 aircraft showing the
spanwise “gull” pattem over the swept wing and the wingtip vortices is shown in figure 17 (ref. 29). The
high velocities and low pressure over the F-111 wing and in the vortices cause the static air temperature to
drop and raise the local relative humidity. When the local relative humidity becomes high enough, vapor in
the air can condense and become visible.
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Similarly, flow visualization in the form of visible vortices due to natural condensation from the leading
edge extensions (LEX) on the F-18 high alpha research vehicle (HARV) was noted on some of the initial
flights. These vortices (fig. 18) were documented with onboard photography with the flight conditions noted.
Note also that after the vortex breaks down, the vortex flow field is no longer visible.

Natural condensation can also occur in flight at supersonic speeds (ref. 29). Vortices can be seen trailing
from the canard tips and the outer wing dihcdral break of the XB-70 aircraft (fig. 19). Condensation patterns
are also visible over the canopy and canard, and a shock pattern can be seen at the trailing edge elevon.

2.3.2 Smoke Generator Systems

Because of the unreliability of natural condensation for flow visualization, smoke generator systems have
been developed for visualizing vortical flows in flight (refs. 30-37). Primarily two types of systems have
been used, a cartridge system and glycol or oil vaporizer system. Smoke generator systems commonly used
at airshows are not applicable for flight research since these systems generally inject oil into the exhaust
of the engine and not into the vortex system of interest. For the smoke generator systems used for flight
research, smoke is emitted from a duct near the origin of a vortex, allowing the smoke to be entrained in
the vortex and permitting a view of the vortex path. Three systems, one cartridge-based system and two
vaporizer systems, are discussed as follows.

2.3.2.1 Smoke cartridge systems

Cartridge-based pyrotechnic smoke systems have been used on aircraft to visualize the vortex flow on
highly swept wings and leading edge extensions (refs. 30 and 31). Military chemical smoke cartridges were
used on the HP115 aircraft (ref. 30) to visualize the vortex on the highly swept wing. A single smoke
cartridge and tar trap were mounted externally below the wing near the apex with a duct from the tar trap
wrapping around the wing leading cdge to the upper surface.

On the NASA F-18 HARYV, a smoke generator system (ref. 31) was developed that uses smoke cartridges
(fig. 20) designed for this application by the U.S. Army Chemical Research, Development, and Engineering
Center, in Aberdeen, Maryland. This system is described in detail in a proposed publication.! The smoke
cartridges are 6.1 cm (2.4 in.) in diameter and 11.9 cm (4.7 in.) long and were designed to produce nontoxic
smoke at a high rate while minimizing fire, detonation or handling hazards. The smoke generator system
has been designed into two separate housings, one of which is shown in figure 21. Each housing contains
six cartridges and fits within the fuselage of the aircraft. To ensure a safe system, each cartridge is contained
within a stainless steel cylinder with a pressure relief to external louvers in the event of high unexpected
pressures. The cartridges are temperature controlled at 27°C (80°F) during flight to ensure reliable firing.
The six cylinders in each housing are manifolded to a common 2.54 cm (1 in.) diameter duct that exits on
cither the upper LEX surface near the apex or on the aircraft nosecone. Ducting lengths up to 3 m (9 ft) have
been used successfully in flight.

The smoke cartridge system selected for the F-18 aircraft provided a rapid and dense smoke production
rate for minimal packaging and power requirements compared to other concepts. Multiple packaging allows
from one to six cartridges to be ignited simultaneously, offering a wide range in smoke production rates.

Because the smoke from this sysiem is white, the upper surface of the F-18 HARV was painted a flat
black trimmed in gold for good photographic contrast. Four video cameras and one 35 mm camera (fig. 22)
were installed on the F-18 airplane to document the results during day flights.

Typical examples of flow visualization of the LEX vortices on the F-18 HARV using the cartridge smoke
system are shown in figure 23. As the angle of attack increases, the breakdown location moves forward.
An advantage that the smoke has over natural condensation is that the smoke persists beyond the vortex
breakdown location,

!Proposed NASA Technical Memorandum, A Smoke Generator System for Aerodynamic Flight Research, by David M. Rich-
wine, Robert E. Curry, and Gene V. Tracy.
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The cartridge smoke system provided visible smoke using two cartridges at a time at speeds from 100
to 140 knots. At speeds up to Mach 0.6, three cartridges were necessary. The cartridges ignited reliably at
altitudes as high as 9100 m (30,000 ft). There was a time delay of 10 and 30 sec between ignition and useful
smoke production. Once started, a steady stream of useful smoke could be expected for 30 sec when using
two or more cartridges. The vortex breakdown data using the F-18 smoke generator system showed close
agreement with the natural condensation data. The breakdown location for the LEX vortex as a function
of angle of attack (fig. 24) shows good agrecment using either natural condensation or smoke techniques.
This correlation indicates that the injection of smoke and the external duct did not perturb the flow field
significantly to alter the vortex breakdown location.

2.3.2.2 Glycol vaporizers

Researchers at the NASA Langley Research Center have developed a smoke system in which propylene
glycol is vaporized into a white smoke with electric heaters on an F-106B aircraft (refs. 32 and 33). Propylene
glycol is pumped to the vaporizer containing six 1000-W heaters from an 11.4-L (3 gal) tank onboard the
airplane. From the vaporizer, the glycol vapor passes through an insulated and heated pipe to an uninsulated
probe tip mounted slightly below the wing near the wing leading edge—fuselage junction. This system
provided smoke for approximately 1 hr. The persistence of the propylene glycol smoke from the F-106B
during a day flight is shown in figure 25.

This system was usually flown at night with a mercury-arc lamp light sheet system illuminating a nearly
perpendicular cut through the vortex core. The light sheet system was mounted in the midfuselage (fig. 26).
Documentation was provided by a video camera mounted near the cockpit. While the F-106B aircraft wing
was bare aluminum, the authors recommend a flat black paint for improved photographic contrast.

An example of flow visualization using the glycol vaporizer and the light sheet system on the F-106B
airplane during a night flight is shown in figure 27(a). The view is from the video camera near the cockpit
looking aft at the left wing. The light sheet system illuminates just a slice through the vortices.

The black and white videotape data using the light sheet at night on the F-106B aircraft was enhanced by
the image processing laboratory at NASA’s Langley Research Center (ref. 33). Examples of the enhanced
photos from the same data as figure 27(a) are shown in figure 27(b). In the enhanced photos, the core and
flow direction can be readily identified.

2.3.2.3 Corvus oil vaporizers

Corvus oil smoke generators were used by Ames-Dryden in the early 1970s to mark the wake vortices
of commercial transports (refs. 34-37). The smoker generators were used from near ground level (2300 ft;
700 m) up to altitudes of 12,500 ft (3800 m). A photograph of the unit mounted on the wing of a B-747 is
shown in figure 28.

These units are commercially available in two configurations from Frank Sanders Aircraft, Chino, Cal-
ifomia. One unit is designed to replace a sidewinder missile while the other fits on the 14-in. NATO bomb
rack. The system contains 3.8 L (1.0 gal) of fuel (gasoline) and 38-45 L (1012 gal) of corvus oil and pro-
vides 10-12 min of smoke. Fuel is pumped 10 a nozzle in a combustor where it is mixed with regulated ram
air. A capacitor discharge ignition source charges a coil to fire a spark plug, ignite the fuel-air mixture, and
provide heat to vaporize the corvus oil. Oil is pumped to a baffled mixing chamber where it is vaporized and
discharged as smoke at the tail of the unit. The system can be cycled on and off. White smoke is obtained
using corvus oil, while colored smoke can bc obtaincd by using diesel fuel mixed with dye. The white
smoke is the most brilliant. Since the unit burns gasoline and ram air to generate heat, the performance of
the system is affected by altitude.

The sidewinder missile configuration is 3.33 m (131 in.) long, 0.184 m (7.25 in.) in diameter, and
weighs about 991 kg (200 1b) when full. The bomb rack configuration is 2.04 m (80.5 in.) long, has a
diameter of 0.25 m (10 in.), and weighs about 54 kg (120 1b) when full. The system requires 12.5 A of
28 V dc electrical power.



20-9

Anexample of the system in operation on the B-747 is shown in figure 29. Kurkowski and others (ref. 36)
note that with the smokers operating at peak performance, the vortex marking smoke could be discerned at
approximately 5.6-7.4 km (34 n. mi.) behind a B-727 in the landing configuration, allowing intentional
vortex penetrations by various probe aircraft.

3. Flow Visualization Recording and Time Correlation

Equally as important to flow visualization as making the flow visible or observing changcs in flow
indicators is the recording of results. Good photographic or video coverage of the flow visualization having
time correlation with the known test conditions is necessary to properly document the results. For example,
four video cameras and one 35 mm camcra were mounted on the F-18 HARV (fig. 22) to document the
visualization of the LEX and forebody vortices. Two of the video signals are telemetered to a ground station
for recording and display in real time to a control room. The other two video signals are recorded onboard.
The 35 mm camera can be operated by either the pilot or an observer in the ground station to record the results
during a test point. A telemetered event mark signal is recorded for each 35 mm photo for time correlation.

Onboard documentation is usually the most effective if the proper viewing angle is available. Chase
photos usually do not provide such close time correlation, are difficult to obtain during rapid maneuvers
such as wind-up tums, and usually provide poor viewing angles from inside the chase plane canopy.

4. DISCUSSION OF TECHNIQUES

The various in-flight flow visualization techniques arc summarized in table 1. The systems are catego-
rized by use, hardware, number of test points per flight and description, and ground or in-flight documenta-
tion. The applicable references for each method are also listed.

4.1 Boundary Layer Transition and Shock Visualization Techniques

Four methods of detecting boundary layer transition from laminar to turbulent flow are given. Two of
the methods (oil flows and liquid crystals) can also be used to visualize shocks. Except for the sublimating
chemical technique, all require in-flight documentation. They are all relatively simple except for IR imaging
which requires extensive hardware, including a liquid nitrogen-cooled imager and display. IR imaging is
the only nonintrusive method, however. Most of the methods are dependent on the differential temperatures
of the laminar and turbulent boundary layers and work best when the surface is insulated from heat sinks,
such as with a fiberglass glove. Oil flows are limited to altitudes of approximately 7600 m (25,000 ft),
liquid crystals to about 10,700 m (35,000 fi), IR imaging to about 5500 m (18,000 ft), while sublimating
chemicals have been used as high as 16,800 m (55,000 ft). The IR imaging limit is for an unpressurized
instrumentation compartment, but it could be used at higher altitudes with pressurization and special IR-
compatible viewing ports.

Liquid crystals are currently thc most widely used method of detecting the laminar to turbulent tran-
sition location through flow visualization. These, in general, provide favorable results and are capable of
continuously and quickly reacting to flow changes, allowing multiple test points to be obtained per flight.
However, several precautions need to be taken when using them. Insects and dust in greater amounts tend to
adhere 10 glove surfaces coated with liquid crystals than on uncoated surfaces, potentially causing premature
transition and contaminating test results. Uneven thickness in the liquid crystal coat can cause changes of
color of the liquid crystal pattem, interfering with interpretation of the pattems. Also, at high unit Reynolds
number, the presence of the liquid crystal coat can move the transition location forward.

4.2 Flow Direction and Boundary Layer Separation Visualization Techniques

Two methods of detecting surface flow direction and boundary layer separation are listed. The flow
conc—tuft technique is much simpler than the emitted fluid method and provides multiple test points, but



20-10

does require in-flight documentation. The emitted fluid technique is much more complicated, requires sta-
bilized test points of 1-2 min, but can produce good results when in-flight documentation is not available
or practical.

For the surface flow visualization methods using oils, liquid crystals, sublimating chemicals, and fluid,
the surface needs to be cleaned of all dirt, grease, or oil prior to application. Gaps and joints in the aircraft
skin should be sealed or taped. Many of these techniques use solvents and toxic chemicals, so proper clothing
and adequate ventilation should be uscd.

4.3 Vortical Flow Visualization Techniques

Natural condensation flow visualization can be useful, especially in leading researchers to areas of in-
terest, particularly with respect to vortical flows. However, it is difficult to predict when it might occur,
especially for flight planning. It is usually advantageous, especially with the study of vortical flows.

Three different types of smoke generator systems are noted for visualizing vortical flows in the absence
of natural condensation. All three systems require fairly extensive hardware installations. The cartridge
system and the corvus oil vaporizer supply the largest quantitics of smoke for relatively short periods, while
the glycol vaporizer can provide smoke for up to 1 hr. Both the cartridge system and the glycol vaporizer
can be mounted internally and ducted to the exit port. All three methods require that certain precautions be
taken to make them safe for flight rescarch.

S. CONCLUDING REMARKS

In-flight flow visualization has been shown to be useful in the understanding of fluid mechanics. It
provides a global view of the airflow and is sometimes the only way the data can be obtained. The re-
sults of using ten different methods of flow visualization for flight research can be summarized as follows:
oil flows, liquid crystals, and sublimating chemicals are useful flow visualization techniques for detecting
boundary layer transition from laminar to turbulent flow. Infrared imaging is a new unintrusive technique
for detecting transition but requires extensive hardware. Only sublimating chemicals do not require in-flight
documentation, however, each flight yields data for only one test condition.

Flow direction and separation can be determined using flow cones, tufts, and the emitted fluid flow visu-
alization techniques. Flow cones and tufis can provide data during dynamic maneuvering, thereby requiring
in-flight documentation. Stabilized test conditions from 1— 2 min and extensive hardware are needed for the
emitted fluid technique, and only one test condition per flight can be documented.

For visualizing vortex flows, threc smoke generator systems are available but all require fairly extensive
hardware installations.

Natural condensation is essentially free and can be useful for the flow visualization of vortices and shocks
and for leading researchers to areas of interest.

The knowledge of the test flight conditions is nearly as important as the flow visualization itself irre-
spective of the technique used.
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(a) Glove test section with oil.

Rapid
compression
(shock)

-12 — >

xic 58

(b) Pressure distribution for glove test section with oil.

Figure 1. F-111 TACT glove test section upper surface oil flow photograph and pressure distribution,
M=085,a=4.7° and A = 25°,
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(a) Glove test section with oil.
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(b) Pressure distribution for glove test section with oil.

Figure 2. F-111 TACT test section upper surface oil flow photograph, pressure distribution, and boundary
layer thickness, M = 0.83,«=4.9°,and A = 16°.
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(c) Determination of transition location using forced transition locations.

Figure 2. Concluded.
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(a) Sawtooth pattern near wing leading edge.

Figure 3. Examples of liquid crystal patterns.
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Figure 3. Concluded.
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Figure 4. Comparison of transition locations deter- &u P

h . - mined by hot-film technique with and without lig-
mined by hot-film and liquid crystal techniques. uid crystals on glove surface.
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Figure 6. Effect of target temperature on minimum detectable temperature gradient of IR imager.
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Figure 7. T-34C aircraft and IR imager test setup.
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Figure 8. Results of IR imaging from T-34C wing glove during day flight, V; = 178 knots.



20-20

NIGHT IR IMAGE
Vi = 210 knots

Laminar flow

Chord
location,
xle

Transition
front

Turbulent flow

Figure 9. Results of IR imaging from T-34C wing glove during night flight, V; = 210 knots.

Transition location

E-3513
Figure 10. Postflight example of sublimating chemical technique on the black painted F-104 left wing,
phenanthrene; My,.; = 1.8, hy, = 16,200 m (53,000 ft).
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E-3355
Figure 11. Postflight example of sublimating chemical technique on the fiberglass glove F-104 right wing-tip
pancl, fluorene; Mya: = 2.0, by, = 16,800 m (55,000 ft).

Figure 12. Typical flow cone and tuft.
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Figure 13. Flow cones and tufts on the left wing and canard of the X-29A aircraft.
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(a) Wing.
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(b) Canard.
Figure 14. X-29A aircraft wing and canard pressure distribution.
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rimary vortex

Surface streamlines

(a) 1/4 view of forebody.
Figure 15. Postflight visualization of surface streamlines and lines of separation on F-18 forebody, a = 30°,
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separation lines

(b) Head-on view of forebody.
Figure 15. Concluded.
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Figure 17. Wing “gull” pattern and tip vortices on the F-111 TACT aircraft, M, = 0.82, «
g=3.3.

6.9°,
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EC 87 0160-026
Figure 18. Natural condensation of LEX vortices on the F-18 HARV aircraft, o = 19 .2°
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Figure 19. Condensation patterns on the XB-70 aircraft at supersonic speed.
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Figure 20. F-18 HARYV smoke cartridges.

C86-33597-005
Figure 21. F-18 HARV smoke generator system (heater blanket removed).
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EC88-0095-003
Figure 22. F-18 HARV showing location of cameras.

EC88-0094-010
(a) 15.0° angle of attack.

Figure 23. Examples of in-flight flow visualization with smoke generator system on F-18 HARYV, view from
wingtip camera.
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Figurc 23. Concluded.
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Figure 24. LEX vortex breakdown location variation with angle of attack.

Figure 25. Persistence of propylene glycol smoke from F-106B aircraft.
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Figure 26. In-flight leading-edge-vortex flow visualization system on F-106B aircraft.

(a) Without digital enhancement.

(b) With digital enhancement.

Figure 27. Vapor-screen images without and with digital enhancement from F-106B aircraft. M., = 0 4,
Rn =30 x 108, h, = 25,000 ft, 1-g maneuver.
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E-27819
Figure 28. Corvus oil vaporizer mounted on B-747 aircraft wing.

ECN 4240
Figure 29. B-747 aircraft wake vortex patterns using corvus oil vaporizers.
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